The potential reproductive toxicity ofmercury vapour was investigated by comparing the rate of spontaneous abortions among the wives of 152 workers occupationally exposed to mercury vapour with the rate among the wives of 374 controls in the same plant. The results indicate an increase in the rate of spontaneous abortions with an increasing concentration of mercury in the fathers' urine before pregnancy. At concentrations above 50 ig/l the risk of spontaneous abortion doubles (odds ratio (OR) = 2-26; 95% confidence interval (95% CI) = 099-5-23). Special care was taken to avoid bias in reporting abortions and known risk factors of spontaneous abortions do not seem to explain the results. Several biological mechanisms might account for them including, in particular, direct action of mercury on the paternal reproductive system and indirect toxicity to the mother or embryo through transport of mercury from the father. These indications could be of practical importance and should therefore be further documented.
Mercury in its elemental form is used industrially for various purposes, including the production of electrical apparatus, catalysts, thermometers, paints, amalgams, and chlorine.
Its toxicological effects come from its high vapour pressure, monoatomic nature, and high lipid solubility. The vapour is easily formed at room temperature and inhaled, and the proportion deposited and retained in man is about 80%.'
Elemental mercury is rapidly transferred from the blood to the brain and moves readily across the placenta into fetal tissues.
Historical case reports indicate that toxic exposure of the mother to mercury at a relatively early gestational age has an abortifacient effect.2 The effect of exposure to mercury vapour on the reproductive health of exposed workers, however, is not clear.
Increased frequency of spontaneous abortions among workers exposed to mercury has been reported in one study on female dental workers,3 but three other studies, one in a lamp factory4 and two among female dentists or wives of male dentists56 failed to show such an association. Some reports of menstrual disorders related to exposure to mercury have also been published. 4 In a study of the fertility of male workers, no statistical difference was found between the number of children in the group exposed to mercury and the number expected based on the reproductive experience ofa matched control group. 7 A study in Denmark on the causes of infertility suggested that women exposed to lead, mercury, or cadmium might be at higher risk. 8 Experimentally, inhalation of mercury vapour at 0-3 ppm has been shown to lengthen the estrous cycle of rats and to increase the mortality of offspring after preconceptional exposure. 9 Inorganic mercury can affect endocrine and gonadal function in both male'0 and female rodents,9' considerably reducing fertility. It appears, however, that mercury compounds are not potent inducers of dominant lethal mutations.'2 A study of the toxitity of these compounds on preimplantation mouse embryos, however, shows that these" embryos are highly sensitive to mercury toxicity in vivo, especially in the early preimplantation period. '3 Production of C-mitosis in plant material is the most noticeable genetic effect of mercury compounds.'4 They appear to alter the normal segregation of chromosomes during cell division by interacting with the spindle tubulins,'4 but the results of studies of chromosomal aberrations in peripheral blood lymphocytes of mercury exposed workers are contradictory.>"7
It therefore seems clear that exposure to mercury vapour may be a reproductive hazard. The present epidemiological investigation is aimed at studying the effects of such exposure, testing the specific hypothesis of an association between paternal exposure to mercury and spontaneous abortions.
Methods
Production of chlorine by electrolysis of sodium chloride results in exposure to mercury vapour, as mercury acts as a cathode in the electrolytic process.
In the chloralkali plant where the study was conducted, up to 1300 workers were at one time employed to produce some 230 000 tonnes of chlorine per year. The decision to conduct the study in this plant was not motivated by a report of a cluster of spontaneous abortions among employees' wives.
The study was conducted in 1984 among all married male workers aged 45 or less. They were asked to fill in an anonymous questionnaire. The questionnaire included two parts: one concerned the worker himself, requesting a description of his complete occupational history outside the plant, as well as details regarding his alcohol and tobacco consumption. The other part had to be filled in by the workers' wife, and included questions about her history of infertility, spontaneous abortions, and pregnancies. Women were specifically asked not to mention induced abortions. The wife also had to answer questions about her occupational history and her alcohol and tobacco consumption.
The questionnaire was distributed individually during the medical examination periodically conducted by the occupational health physician, who presented the questionnaire as part of a national study on the association between environmental exposure and health. The For each birth, information was given on the state of the baby at birth (any major anomaly), its sex and weight, the number of weeks of pregnancy, and the date of birth.
EXPOSURE OF THE FATHER
The plant health physician provided an individual occupational history inside the plant for each worker. Each job was characterised by the degree of exposure to mercury, which was graded as none, low, or moderate, and by the presence of any other types of chemical exposure. A worker was classified as "exposed" if he had ever been assigned a job with potential exposure to mercury.
For most of the potentially exposed workers, the concentrations of mercury in their urine had been monitored at least once a year since 1968. For monitoring, specimens were collected from a miction passed during a day's work and stabilised with a drop of toluene. They were then mineralised overnight with sulphuric acid and potassium permanganate. Mercury concentrations were measured by atomic absorption.
EXPOSURE BEFORE PREGNANCY
For each pregnancy reported by the wife of an exposed worker, an index of exposure was computed from the average mercury concentration in the urine of the father throughout the period preceding conception. The duration of exposure before each pregnancy was defined as the total number of months when the father had worked in an exposed job. Such a pregnancy will be referred to below as an "exposed pregnancy".
OTHER TYPES OF EXPOSURE
Up to 75 types of exposure other than mercury were identified in the plant, including exposure to chemicals, magnetic fields, and heat. These types of exposure were only considered if they concerned at least 20 pregnancies, and consequently, only 21 of them were included in our analysis. A pregnancy was considered exposed to a specific agent if the father worked in a potentially exposed job at any time before conception.
STATISTICAL ANALYSIS
We considered different pregnancies of the same woman independently, both in statistical and biological terms, although this distinction is not entirely valid. Analysis was also restricted to first pregnancies to avoid this problem. The stability of the results was evaluated after the exclusion of doubtful abortions, and of women who had had two or more abortions. Statistical methods included stratified analysis using the Mantel-Haenszel procedure, and multiple logistic regression.
Results
Of the 565 workers included in the study, 434 returned an informative questionnaire (10 returned a blank questionnaire), which constituted an overall reply rate of 76-8% (75 7% in the non-exposed group, and 77-6% in the exposed group).
One hundred and eighteen workers were considered as potentially exposed to mercury vapour and 283 were never exposed to it, 27 had uncertain exposure and for six workers, no information was available. At least one determination of mercury concentration in urine was available for 96 of the 1 18 workers in the exposed group. Table 1 gives the characteristics of the exposed and non-exposed groups. The two groups did not differ significantly as regards the ages of the workers and their wives, the number of years spent in the plant, the number of pregnancies, number of births, and percentage of smokers. With respect to the characteristics of exposed v non-exposed pregnancies, it appears that exposed pregnancies seemed to occur when the mother was older (26-1 v 25-2 years), but were more recent in relation to the year of the study (8 4 years ago on average v 11-3 years) than nonexposed pregnancies. These factors were taken into account in our analysis of pregnancy outcome. In all, 70 spontaneous abortions were reported for a total of 783 pregnancies-that is, 8-9 spontaneous abortions per 100 pregnancies. The periods of interest for exposure assessment differ according to the hypothesis on the mechanism concerned: exposure during the three months before conception may result in an alteration of spermatozoa themselves, exposure at any time before conception may alter paternal reproductive capacity, and both of these periods of exposure may also imply indirect exposure of the mother to mercury. Unfortunately, measurements available did not allow precise estimates of exposure during these different periods. For short periods, many measurements were missing (42/98 were available during the three months before pregnancy, 79/98 during the year before), and when estimates were available at different periods they were strongly correlated so that the different hypotheses could hardly be discriminated. For greater precision the average concentrations during the entire period preceding pregnancy were used as an index of exposure. Table 3 , which gives the variations in the rate of spontaneous abortion according to the average concentration of mercury in the urine of the father during the months preceding pregnancy shows that In a multiple logistic regression model including maternal age (in years), gravidity (1,2, > 3), maternal tobacco consumption (yes, no), time since pregnancy (<10 years, >i 10), duration of exposure, and the mercury concentration in the fathers' urine (4 classes), only three variables helped to explain the occurrence of abortiorrat the 10% level: gravidity (p = 0-05), time since pregnancy (p = 0 10), and the concentration of mercury (p = 0-07) (table 5). Table 6 presents the other exposures considered inside the same plant-and the correlation with mercury exposure for each specific exposure. No significant difference was found between the rate of spontaneous abortions in the exposed and nonexposed pregnancy groups, neither among those never exposed to mercury, nor after adjustment on mercury exposure for those chemicals associated with mercury. Exposures such as chlorine, heat, electromagnetic fields, hydrogen, soda, and sulphuric acid were almost always present when exposure to mercury occurred, but no specific effect of these compounds on spontaneous abortions could be seen in this study.
Eight spontaneous abortions were considered doubtful (seven non-exposed and one exposed) and were excluded from the analysis, but this did not alter the final trend. Neither did the exclusion of women reporting two abortions or more change this trend significantly.
No differences were found between exposed and non-exposed pregnancies for other parameters such as birth weight or the presence of defects at birth but this survey was not specifically designed for the study of these pregnancy outcomes.
Discussion
The present results suggest that there might be a dose related connection between exposure of the father to mercury before the mother's pregnancy and the incidence of spontaneous abortion.
Retrospective studies in which questionnaires are used to assess the relation between spontaneous abortion.and occupational exposure are subject to Cordier., Deplan, Mandereau, Hemon several methodological flaws, which we tried to take into account. The cross sectional selection of the population is certainly less of a problem for inclusion in a study on men at work than in a study of the occupational exposure of women,'8 as a woman's experience of miscarriage is unlikely to affect the working activity of her husband. Furthermore, a study confined to one plant ensures good social homogeneity of the group examined.
The rate of participation in our study was good (around 77%) and was not influenced by exposure state. Information available on non-responders show that they are slightly younger than responders (35-8 years on average v 37-3 years; p < 0-02) and that, consequently, their average number ofchildren at the time of the study is smaller (1-5 v 1-8; p < 0-05). Those differences, however, are not dependent on exposure state. No other information concerning the obstetric histories of their wives could be obtained.
Special care was taken to preserve the confidentiality of the answers to the questionnaire, the questions were very simple, and there was no evidence of misunderstanding. Before the study, an attempt was made to validate the questionnaire in a maternity hospital; 224 women having delivered at this hospital were asked to fill in the questionnaire and their answers were compared with the obstetric information recorded in the medical chart. Subsequent to this test, modifications were made in the questionnaire, especially in the wording of some questions, to better differentiate between spontaneous abortions and induced or therapeutic abortions.
The study was presented to the participants as part of a national survey on occupation and reproductive health, no special attention was focused on mercury, and possible exposure to mercury was assessed from urine measurements and independently of reproductive outcome.
The overall spontaneous abortion rate found here was around nine per 100 pregnancies. This rate is of the order of magnitude of the rates found in surveys of different communities based on questionnaire data. '9 Known risk factors for spontaneous abortions such as maternal age, gravidity, and tobacco and alcohol consumption do not explain the relation found. In our study, gravidity was related -to the risk of spontaneous abortions. No type of exposure other than mercury was statistically associated with an increased risk.
Possible bias in reporting past pregnancies did not seem to play a part since the same trend persisted when analysis was restricted to pregnancies which had occurred during the past 10 years.
The relation between mercury concentration and the abortion rate did not alter when doubtful abortions were discarded, or when chronic abortions were taken into account by excluding from --the analysis women who reported two or more abortions.
The availability of measurements of mercury concentration in urine allowed precise analysis of the association between paternal excretion of mercury before pregnancy and the risk of spontaneous abortions. It was not possible, however, to study the timing of exposure more precisely or to explore, for instance, the actual role of exposure during the three 18 Most animal experiments failed to show that mercury compounds have a dominant lethal effect but this effect seems to be species dependent. On the other hand, the evidence that mercury does affect fertility of male rodents and is toxic for early rodent embryos is convincing.' 13 The strength of the present study compared with others might come partly from the fact that it was specifically designed for spontaneous abortions, with a precise questionnaire describing the way the pregnancy was diagnosed, the need for hospital care and the number of weeks of pregnancy, and taking into account known risk factors for spontaneous abortions. The major point is probably the fact that individual urinary measurements were available allowing precise exposure assessments before pregnancy and this made possible the study of a dose response relation.
In a future study one way to help identify the mechanism responsible for these effects in man would be to measure the mercury concentrations in the urine of workers' wives.
The present results give indications that paternal exposure to mercury might increase the risk of spontaneous abortion, a conclusion that could be of practical importance and should therefore be further documented.
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